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Gold capillaryuctase (SQR) from Bacillus subtilis consists of two hydrophilic protein subunits
comprising succinate dehydrogenase, and a di-heme membrane anchor protein harboring two putative
quinone binding sites, Qp and Qd. In this work we have used spectroelectrochemistry to study the electronic
communication between puriﬁed SQR and a surface modiﬁed gold capillary electrode. In the presence of two
soluble quinone mediators the midpoint potentials of both hemes were revealed essentially as previously
determined by conventional redox titration (heme bH, Em=+65 mV, heme bL, Em=−95 mV). In the absence of
mediators the enzyme still communicated with the electrode, albeit with a reproducible hysteresis, resulting
in the reduction of both hemes occurring approximately at the midpoint potential of heme bL, and with a
pronounced delay of reoxidation. When the speciﬁc inhibitor 2-n-heptyl-4 hydroxyquinoline N-oxide
(HQNO), which binds to Qd in B. subtilis SQR, was added together with the two quinone mediators, rapid
reductive titration was still possible which can be envisioned as an electron transfer occurring via the HQNO
insensitive Qp site. In contrast, the subsequent oxidative titration was severely hampered in the presence of
HQNO, in fact it completely resembled the unmediated reaction. If mediators communicate with Qp or Qd,
either event is followed by very rapid electron redistributionwithin the enzyme. Taken together, this strongly
suggests that the accessibility of Qp depended on the redox state of the hemes. When both hemes were
reduced, and Qd was blocked by HQNO, quinone-mediated communication via the Qp site was no longer
possible, revealing a redox-dependent conformational change in the membrane anchor domain.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionSuccinate:quinone oxidoreductase (SQR or Complex II) and quinol:
fumarate reductase (QFR) are respiratory chain enzymes that are
present in a wide variety of organisms. Most enzymes catalyze a
bioenergetically favorable reaction, succinate oxidation coupled to
ubiquinone reduction (class 1 enzymes) or menaquinol oxidation
coupled to fumarate reduction (class 2 enzymes). However, a third
class of SQR enzymes, such as that from Bacillus subtilis transfers
electrons from succinate (with a midpoint potential, Em, equal to
+30 mV) to menaquinone (Em=−75 mV) or other low potential
quinones [1]. The latter reaction is thus endergonic and these enzymes
require a membrane potential to function [2,3].tase; CV, cyclic voltammetry;
nsfer; MET, mediated electron
inone; DMN, 2,3-dimethyl-1,4-
N-oxide; DDM, dodecylmalto-
phenolindophenol
(C. Hägerhäll).
l rights reserved.All SQR/QFR enzymes contain two hydrophilic protein subunits, a
ﬂavoprotein (FP) and an iron–sulfur cluster containing protein (IP)
that are relatively conserved, as well as a membrane anchor domain
that can consist of one or two polypeptides, and that may or may not
contain heme [4]. In all the known class 3 enzymes, the membrane
anchor contains two transmembraneously arranged heme groups,
presumably to allow the required membrane potential driven redox
loop to take place. In the most well studied class 3 SQR, that of B.
subtilis, the membrane anchor comprises a single polypeptide that
contains two hemes, heme bH (Em=+65 mV) and heme bL (Em=
−95 mV [5]. In spite of these apparent differences in polypeptide
composition and prosthetic groups, the overall structure of the
membrane anchor domain is conserved. This was predicted earlier
[4], and conﬁrmed by several high resolution structures of SQR and
QFR enzymes [6–10]. No high resolution structure exists for a class 3
enzyme, but the B. subtilis SQR is structurally closely related to the
Wolinella succinogenes QFR, for which the structure has been solved
[6,11], see Fig. 1. For a discussion on the evolution of the three classes
of SQR/QFR enzymes, see [1].
X-ray crystallography, photo-labeling and mutagenesis studies
have shown that many SQR and QFR enzymes contain two different
Fig. 1. Redox groups of B. subtilis with Em’s ([5, 39], left), high resolution structure of
Wolinella succinogenes QFR [PDB ﬁle 1QLA)] (right), a structural homologue of the B.
subtilis SQR enzyme. The FP and IP subunits are depicted in dark and light blue
respectively, whereas cyt b is shown in yellow.
Table 1
Compound Em
Menaquinone (natural substrate) −75 mV
1,4-Naphthoquinone (NQ) +64 mV
Dimethylnaphthoquinone (DMN) −80 mV
2-n-heptyl-4-hydroxyquinoline
N-oxide (HQNO)
Inhibitor
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summarized in [12]. The role of the two sites remains somewhat
enigmatic, since most models of the functional mechanism predict
only the need for one site — Qp in class 1 enzymes and Qd in class 2
and class 3 enzymes [13,14]. In Escherichia coli QFR both Qp and Qd
sites were occupied by menaquinone in the crystal structure [7].
However, recent work on that enzyme shows that apparently Qp is
the only functional quinone binding site [15]. In SQR from porcine
heart mitochondria, both Qp and Qd could be envisioned in the
structure [9]. The semiquinone like inhibitor 2-n-heptyl-4 hydro-
xyquinoline N-oxide (HQNO, see Table 1) has previously been
shown to bind to Qp in the E. coli QFR [16]. In E. coli SQR the Qp site
was recently shown to be an essential component in the electron
transfer pathway from the [3Fe4S] cluster to heme b [17]. This SQR
enzyme seemingly lacks a Qd but a recent structural and computa-
tional analyses of the Qp revealed two binding positions for quinone
at the site [18]. In B. subtilis SQR the inhibitor HQNO binds to Qd and
causes a decrease of the midpoint potential of heme bL to −135 mV
but does not affect the properties of the 3Fe4S cluster or heme bH
[19,20]. The presence of a Qp site has been postulated, based on
mutations affecting enzyme activity that were located in IP and in
cytochrome b558 towards the proximal side of the [21], but has
never been directly demonstrated in B. subtilis SQR. In the
structurally similar (but functionally different) W. succinogenes
QFR, there is no evidence for the presence of a proximal quinone
site [10]. SQR from Corynebacterium glutamicum, a Gram-positive
organism, was recently found to contain two quinone binding sites
[22].
SQR and QFR were among the ﬁrst respiratory chain enzymes to be
studied successfully and extensively byelectrochemicalmethods using
protein voltammetry at carbon electrodes [23–26]. However, in these
studies only the two soluble protein subunits FP and IP were used, and
the membrane-spanning domain was removed before adsorbing the
enzyme to the carbon electrode. Thus succinate dehydrogenase (SDH,
EC 1.3.99.1) rather than succinate:quinone oxidoreductase (SQR, EC
1.3.5.1) was studied in these earlier investigations. Direct electro-
chemical interactions between a gold electrode and B. subtilis whole
membranes have later been observed, using cholesterol based thiols to
modify the electrode surface [27].
In this work we have monitored direct electron transfer between
intact puriﬁed B. subtilis SQR in detergent solubilized state, and asurfacemodiﬁed gold capillary electrode. The reactionswere observed
in a spectroelectrochemical cell, where a spectrophotometer is
connected to the electrode-containing cell [28], allowing direct
monitoring of heme reduction/oxidation at different potentials. In
the absence of any redox mediators, the intact SQR seemingly
communicated with the electrode exclusively via heme bL. It was
possible to block the Qd site with the speciﬁc inhibitor HQNO, and still
access the enzyme with quinone redox mediators, presumably via the
Qp site. However, the accessibility of Qp depended on the redox state of
the hemes. When both hemes were reduced and HQNO was present,
the enzyme could no longer be accessed by mediators. This is
particularly interesting in the light of the structure of the cytochrome
b domain, which is fundamentally different compared to the well
known di-heme cytochrome of the bc1 complex. The Fe–Fe distance
between the two heme groups in W. succinogenes QFR is approxi-
mately 4.5 Å shorter than that in the cytochrome bc1 complex [6].
Both in B. subtilis SQR andW. succinogenes QFR the axial heme ligands
for heme bH and heme bL are distributed on four different
transmembrane helices in the membrane anchor cytochrome [1,4].
This architecture potentially allows the heme groups to move with
respect to each other, perpendicular to the membrane plane. This
could be the mechanism behind the observed redox state-dependent
conformational changes.
2. Materials and methods
2.1. Enzyme preparation
SQRwas puriﬁed from B. subtilis strain 3G18 harboring the plasmid
pBSD1200 that contains the entire sdh operon on a low copy number
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chloramphenicol. For SQR production the bacteria were grown in
NSMP medium [29] containing 5 μg/ml chloramphenicol. Batches of
400 ml were incubated in 2 l bafﬂed E-ﬂasks, aerated at 200 rpm at
37 °C. The cells were harvested in early stationary growth phase,
where the SQR content is maximal [30]. The cells were harvested by
centrifugation at 12000 g for 15 min, washed once in 50 mM
potassium phosphate buffer at pH 8.0, centrifuged again as before and
were stored at −20 °C.
Preparation of B. subtilis membranes and puriﬁcation of SQR
were done essentially as earlier described [5] with some modiﬁca-
tions. After thawing, the membranes were solubilized overnight
under gentle stirring using 5 mg of dodecylmaltoside (DDM)/mg of
protein in 20 mM MOPS at pH 7.4. Unsolubilized material was
removed by centrifugation for 1 h at 48000 g. The supernatant was
applied on a DEAE-Sephacel column that had been pre-equilibrated
with 20 mM MOPS buffer containing 0.1% (w/v) Thesit. The
remainder of the puriﬁcation procedure was carried out in the
presence of 0.1% Thesit. The column was washed with 200 ml of the
MOPS buffer and the bound proteins were eluted using a KCl
gradient from 0 to 600 mM in the MOPS buffer. Peak fractions were
pooled and concentrated using Centriprep spin columns with a cut
off at 30 kDa. The sample was diluted in 20 mM MOPS, followed by
repeated concentration to reduce the salt concentration. The
concentrated sample was loaded to a S-400 gel ﬁltration column
pre-equilibrated with the MOPS buffer containing 100 mM KCl, 0.1%
Thesit. The eluted fractions were analyzed spectroscopically at A412
(the cytochrome b Soret band) and at A280. The purity and SQR
content of the samples were also estimated from SDS-PAGE gels.
The chosen fractions were pooled and concentrated using a
Centricon-30 micro concentrator as before. All puriﬁcation steps
were performed at 4 °C and the puriﬁed enzyme was stored on ice
in the dark.
The SQR concentration was determined spectroscopically using
ɛ558–575=45 mM−1 and ɛ428–412=269 mM−1 of the dithionite reduced
enzyme [21]. The BCA Protein Assay Kit (Pierce) was used to
determine protein concentrations throughout the procedure. SQR
activity was measured at room temperature using 2,6-dichlorophe-
nolindophenol (DCPIP) as terminal electron acceptor in 50 mM
potassium phosphate buffer at pH 7.4 containing 1 mM EDTA. DCPIP
reduction was monitored as a decrease in the absorbance at 600 nm
using ɛDCPIP=20.7 mM−1 cm−1. Either phenazine methosulfate (PMS)
or the soluble ubiquinone analogue (Q1) was used as the primary
electron acceptor. The following ﬁnal concentrations were used in
the assays: 20 μg/ml DCPIP, 20 mM succinate, 3–5 μg of SQR and
0.5 mg/ml PMS or 50 μM Q1. The reaction was started by adding PMS
or quinone.
2.2. Electrochemistry
Cyclic voltammetry (CV) was used to demonstrate catalytic
direct electron transfer current using a BAS 100 A potentiostat from
Bioanalytical Systems (BAS, West Lafayette, IN, USA). The working
electrode for these experiments was a 2 mm ∅ gold disk electrode
from BAS. The reference electrode was an analytical CL111 saturated
calomel electrode from Radiometer A/S (Copenhagen, Denmark). All
potentials are given versus NHE. Prior to the measurements, the
electrode was polished with diamond powder (1 μm, Stuers,
Copenhagen, Denmark) and immersed in a solution of concentrated
sulfuric acid and hydrogen peroxide in a proportion of 3:1 by
volume (Piranha solution). This step was followed by electrode
rinsing with de-ionized water and immersing in a solution of a
mercaptohexanol for 30 min. After modiﬁcation with the thiol, the
electrode was thoroughly rinsed with de-ionized water to remove
non-strongly attached thiol. A SQR enzyme solution from the same
puriﬁcation batch as the subsequent spectroelectrochemical experi-ments was entrapped at the electrode using a dialysis membrane
(MWCO 14000). The enzyme solution was placed on the top of the
electrode and covered with the membrane before inserting into an
electrochemical cell for CV measurements, in the presence and
absence of succinate. The cell contained 4 ml of 20 mM potassium
MOPS, pH 7.4, with 100 mM KCl and 0.1% Thesit.
2.3. Spectroelectrochemistry
Direct and mediated electron transfer experiments were done
using a gold capillary spectroelectrochemical cell previously described
[28,31,32]. Brieﬂy, the cell consists of a 1 cm long gold capillary
working electrode with an inner diameter of 350 μm. The cell is
equipped with an Ag|AgCl|KCl0.1MKCl reference electrode (−281 mV vs.
NHE) controlled before and after each experiment using a SCE
CL111reference electrode. A Pt wire serves as the counter electrode.
Samples consisting of 20 μl of protein solution in 20 mM potassium
MOPS, pH 7.4 100mMKCl with 0.1% Thesit were aspirated through the
capillary to replace the buffer solution of the cell with the protein
solution of interest. In experiments using mediators or inhibitor,
25 μM 1–4 naphthoquinone (NQ) and/or 25 μM dimethylnaphthoqui-
none (DMN, a kind gift from the late Prof. A. Kröger) and/or 500 μM 2-
n-heptyl-4-hydroxyquinoline N-oxide (HQNO) were added to the
protein solution before aspirating it into the capillary.
To record spectra of the solution inside the spectroelectrochem-
ical cell, the capillary is supplied with input and output optical
ﬁbers FCB-UV 400/050-2 and FC-UV 200, respectively. The light
source DH-2000, spectrometer SD 2000 and the analogue to digital
conversion board ADC-500 were from Ocean Optics (Dunedin, FL,
USA). The spectra were recorded with computer software Spectra
Win 4.2 from TOP Sensor System (Eerbreek, The Netherlands). In
the reduction–oxidation titration experiments, the potential of the
gold capillary was controlled in potential steps of 20 mV by a
potentiostat CV-50 W from Bioanalytical Systems. In order to reach
redox equilibrium between the electrode and the enzyme, these
potential steps were applied for 3 to 20 min, depending on the
type of experiment. In the time–absorbance experiments, a
constant potential was applied for typically 30 min, whereupon
the redox process, seen as absorbance change, was followed. Prior
to the spectroelectrochemical measurements, the gold capillary was
cleaned in Piranha solution. This step was followed by rinsing the
capillary with de-ionized water and immersing the capillary in a
solution of thiol, aldrithiol-4 or dithionite, respectively. In case of
aldrithiol-4, the gold capillary was kept in 5 mM aldrithiol water
solution for 30 min. The dithionite modiﬁed electrode was
prepared in a similar way by using 50 mM dithionite. After
immersion the capillary was thoroughly rinsed with de-ionized
water to exclude non-attached thiol modiﬁers. After completing an
electrochemical experiment, the enzyme was retrieved from the
cell and the quality of the enzyme was examined by measuring the
succinate:Q1 reductase activity as previously described.
2.4. Fitting of the redox titration data to the Nernst equation
Data processing was done using the software Origin 6.0 (Microcal
Inc.). Since two hemes contribute to the absorbance at 427 nm to
different degrees at any given potential the data were ﬁtted to the
Nernst equation adapted for multiple components:
A1= 1þ EXP E1−xð Þ=b1ð Þð Þ þ A2= 1þ EXP E2−xð Þ=b2ð Þð Þ þ A3 ð1Þ
where A1 and A2 are the absorbance contributions from each heme
group, E1 and E2 are the respective midpoint potentials, b1 and b2
represent the contribution of each heme and x represents the applied
potential. The A3 component accounts for any residual absorbance
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obtained, typically after about 30 iterations.Fig. 3. (A) Redox titration of intact SQR in the presence of redox mediators. 2 μM SQR in
the same buffer as in Fig. 2 was injected into the instrument cell. 25 μMDMN and 25 μM
NQ were present as soluble quinone mediators. At each applied potential, the sample
was allowed to equilibrate for 3min before the absorbance was recorded. The solid lines
represent the best ﬁt to the Nernst equationwith two consecutive n=1 electron transfer
processes (see Section 2.4). (B) The redox titration of intact SQR was repeated as in A,
but in the presence of 500 μM HQNO.3. Results
3.1. Catalytic activity
SQR was prepared from B. subtilis membranes as described
previously [5] except that dodecylmaltoside was used in the
solubilization step to increase the yield SQR extracted from
membranes. The enzyme showed similar PMS and quinone
reductase activities as previously reported [5]. The puriﬁed SQR
preparation contained approximately 0.1% Thesit. The presence of
detergent did not hamper enzyme interaction with electrode
surfaces. Direct enzyme catalytic current could be demonstrated
with cyclic voltammetry (Fig. 2, trace B) showing that the functional
enzyme communicated with the electrode. The CV of SQR on a
mercaptohexanol modiﬁed gold revealed an anodic wave starting at
around +300 mV (Fig. 2, trace A), however, with no clear
corresponding cathodic wave. In the presence of 90 mM succinate,
the peak current of the anodic wave was drastically increased and
the wave started at a less anodic potential, i.e., around +100 mV (Fig.
2, trace B). This indicated that there was a direct electron transfer
contact between SQR and the modiﬁed gold electrode. When HQNO
was added to the enzyme solution containing succinate the anodic
wave no longer revealed any catalytic current (Fig. 2, trace C). When
oxaloacetate, an inhibitor of the succinate binding site, was added,
the current of the anodic phase in the CV was also decreased (not
shown). This demonstrates that the CV in the presence of succinate
represents a true catalytic current. A CV of succinate without the
enzyme present also revealed no signiﬁcant succinate oxidation by
the electrode (not shown).
3.2. Spectroelectrochemistry of SQR
The puriﬁed SQR was subsequently analyzed in the spectro-
electrochemical cell. Absorbance spectra of SQR were recorded at
different applied potentials after the thiol modiﬁed gold capillary
electrode was ﬁlled with enzyme solution. SQR from B. subtilis
exhibits one absorbance peak (the Soret band) in the range between
412 nm (the oxidized form) and 425 nm (the reduced form), a secondFig. 2. CV of puriﬁed SQR using a planar gold electrode coated with mercaptohexanol.
Trace A represents the CV of SQRwithout substrate, trace B shows the CV after succinate
addition and trace C is showing the same sample as B, but in the presence of the speciﬁc
inhibitor HQNO. 25 μM SQR from B. subtilis in 20 mMMOPS at pH 7.4, 100 mM KCl, 0.1%
Thesit was present in all three scans, 90 mM succinate and 2 mM HQNO were added
when indicated. Scan rate 5 mV/s.peak at 528 nm and a third peak at 558 nm [5]. The two latter peaks
are only present in the reduced form.
We initially measured the redox potentials of the two hemes using
redox mediators. When titrated in the presence of NQ (Em=+64 mV,
[33], see Table 1) which has a potential close to that of heme bH, and
DMN (Em=−75 mV, [33], see Table 1), which has a potential close to
that of heme bL, the deduced midpoint potentials of heme bH and
heme bL were very similar to those previously obtained from
conventional redox titrations [5,21]. For these experiments the time
necessary for the enzyme to become in equilibrium with the applied
potential was in the order of 3 min. Only a small difference was seen
between the forward and reverse titration (Fig. 3A).
In the absence of any mediator it was also possible to fully reduce
SQR directly by applying a sufﬁciently low potential at the gold
capillary electrode. Startingwith the fully oxidized enzyme (+200mV),
in the absence of any mediator, reduction of the enzyme occurred
roughly at the midpoint potential of heme bL (Fig. 4A). In these
experiments the sample was allowed to equilibrate for 10 min at each
appliedpotential before recording the spectrum. This reaction does not
correspond to a twoheme symmetrical dependence, but rather reﬂects
that the rate of reduction of heme bH occurred at an extremely slow
rate until heme bL starts to become reduced, and subsequently caused
the reduction of both hemes to occur rapidly. The same behavior was
Fig. 5. Rate of heme reduction at different applied potentials in the presence and
absence of HQNO and quinone redox mediators. 2 μM SQR in the same buffer as in Fig. 2
was equilibrated with the gold capillary electrode until stable oxidized heme spectra
were obtained. A reducing potential of −200 mV (A) or −400 mV (B) was applied and
spectra recorded every 40 s. The quinone redox mediators NQ and DMNwere present at
25 μM each (C) and the inhibitor HQNO at 500 μM when indicated.
Fig. 4. (A) Redox titration of intact SQR without any redox mediators present. 2 μM SQR
in the same buffer as in Fig. 2 was injected into the instrument cell, where the sample
was allowed to equilibrate for 10 min at each potential before the absorbance was
measured. The data points were ﬁtted to the Nernst equation as before (solid line, see
Fig. 3 and Section 2.4). (B) The redox titration of intact SQR was repeated as in A, but in
the presence of 500 μM HQNO.
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cellobiose dehydrogenase [34]. In that enzyme the intramolecular
electron transfer between the low potential FAD domain and the high
potential heme domain is very efﬁcient at pHs around 4.5–5, whereas
at pHs above pH 6 it is virtually switched off [35]. The catalytically
competent enzyme (at pH 4.5) exhibited delayed reduction whereas
the inactive enzyme (at pH 7) showed no hysteresis [34], implying that
intramolecular events rather than poor communication with the
electrode are causing the phenomenon. In either event, further
experiments are needed to elucidate themolecularmechanismbehind
the kinetic dependence currently observed in SQR. The subsequent
titration curve from the reoxidation of the fully reduced SQR also
consistently showed a pronounced hysteresis, where the reoxidation
of heme bH did not occur until the applied potential had reached a
value more positive than +200 mV (Fig. 4A). After the experiment, the
SQR sample was retrieved and the enzyme activity was measured.
After 8 h in the cell, 80% of the activity typically remained, indicating
that the time in the cell was well tolerated by the enzyme.
3.3. Heme reduction rates at ﬁxed applied potentials
In the absence of any mediator and at an applied potential of
−200 mV the heme groups of puriﬁed and intact Complex II wererapidly reduced, whereas in the presence of the inhibitor HQNO,
virtually no reduction occurred even after 30 min (Fig. 5A). The HQNO
block could be relieved either by lowering the potential to −400 mV
(Fig. 5B) or by adding quinone redox mediators, as exempliﬁed in Fig.
5C with 25 µM DMN and 25 µM NQ. The experiment in Fig. 5A and B
Fig. 6. The two upper schematic cartoons represent a redox titration in the presence of quinone redox mediators, as performed in Fig. 3A. Mediation can occur equally efﬁcient via Qp
or Qd since redox equilibration within the enzyme is expected to be very rapid. The two lower cartoons represent the same reactions in the presence of the speciﬁc inhibitor HQNO,
which binds to Qd in B. subtilis SQR [19,20], as performed in Fig. 3B. The ox to red titration proceeds normally, since mediation can occur via Qp but the red to ox titrationwill in fact be
equal to the unmediated reaction, and thus equivalent to the experiment shown in Fig. 4A.
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the midpoint potential of heme bL [19]. In Fig. 5C, the concentration of
the inhibitor remained much higher than that of the quinones (ki for
HQNO is 0.2 μM, [19]), suggesting that mediated electron transfer
either occurred via Qp or alternatively, unspeciﬁcally at the protein
surface, whereas HQNO remained bound to Qd. The maximal
reduction level remains somewhat lower in the presence of HQNO,
reﬂecting the lower Em of heme bL, and thus supporting the notion
that HQNO had not dissociated from the enzyme.
The success of the unmediated SQR reduction in the presence of
HQNO depends clearly on the applied potential. This is not surprising,
since HQNO is known to shift the Em of heme bL. Since SQR alone
seemingly communicated with the electrode via heme bL, no
reduction is expected to happen at an applied potential of −200 mV
vs. NHE in the presence of HQNO. If the potential on the other hand is
lowered to −400 mV reduction of heme bL could be accomplished also
in the presence of the inhibitor. We also compared electron transfer
rates in the presence of the active site inhibitor oxaloacetate. These
rates were found to be the same as without oxaloacetate (not shown).
Taken together, it can be concluded that direct electron transfer
between intact SQR and a gold capillary electrode most likely occurs
exclusively via heme bL. Soluble quinone redox mediators could
bypass heme bL and directly reduce heme bH.
3.4. Spectroelectrochemistry of SQR in the presence of HQNO
To corroborate these ﬁndings, full redox titrations in the presence
of HQNO were also performed. Initially the experiment from Fig. 4A
was repeated in the presence of HQNO (Fig. 4B). As expected, the
reduction of heme occurred at lower potentials compared to in the
absence of HQNO. The delayed reoxidation previously seen in Fig. 4A
was also present. Then, the experiment with HQNO was repeated in
the presence of redox mediators. In the mediated reductive titration
process the Em of heme bL was shifted by approximately −50 mV from
around −110 mV (Fig. 3A) to −160 mV (Fig. 3B). Some shift is also seen
in the Em of heme bH, but both components are clearly resolved in thetitration. However, during the subsequent oxidative titration, a
pronounced delayed reoxidation of heme bH occurred, in spite of
that quinones were present as redox mediators (Fig. 3B). The titration
curve is similar to what was seen in the redox titration without redox
quinone mediators (Fig. 4A) instead of the one with mediators (Fig.
3A). This was completely unexpected. The data in Fig. 3A and B in the
oxidized to reduced titration as well as the results frommeasurements
shown in Fig. 5C indicate that the quinones canmediate rapid electron
transfer from the electrode to the oxidized form of SQR equally well
both in the presence and absence of HQNO, it is only the Em of heme bL
that is affected by the inhibitor. The electron transfer between the
mediators and the electrode was not a rate limiting step in the
reactions, since CV of the NQ and DMN showed facile reversible
electrochemistry with the electrode (not shown). Thus, the delayed
reoxidation of heme bH in the presence of both HQNO and the soluble
quinones (Fig. 3B, red to ox) can only be rationally explained by that
the mediation occurs via quinone binding sites rather than unspeci-
ﬁcally from the enzyme surface. We can assume that the mediation
works equally well through Qp or through Qd since electron transfer
within the enzyme is expected to be much more rapid than our
measurements. But in the presence of HQNO, mediation can only
occur via a Qp site since Qd is blocked by the inhibitor. The observed,
expected shift in Em of heme bL corroborated that HQNO remains
bound to the enzyme. We can subsequently postulate that the Qp site
is only open and accessible in the fully oxidized enzyme, and becomes
closed in the fully reduced enzyme. This would explain why the
quinone-mediated red to ox titration in Fig. 3B appears equivalent to
the unmediated red to ox titration in Fig. 4A. These suggested enzyme
conﬁgurations are schematically illustrated in Fig. 6.
4. Discussion
4.1. The presence of Qp in B. subtilis SQR
As described in the Introduction, there are many different
experiments showing the presence of two transmembraneously
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some enzymes seem to contain only Qp or only Qd. In B. subtilis SQR
the presence of Qp has previously been implied from mutant
studies, but never directly demonstrated. The results obtained in
this work strongly suggest that a proximal quinone binding site is
indeed present in B. subtilis SQR. When the distal quinone binding
site was blocked with HQNO (Figs. 3B and 5C), the enzyme could
still be accessed with quinone redox mediators. If the mediators
could communicate with the enzyme unspeciﬁcally on the enzyme
surface, it is highly unlikely that this reaction would occur only
during the ox to red titration but not during the red to ox titration
(Fig. 3B), particularly since the communication was ﬂawless in the
absence of HQNO (Fig. 3A). In E. coli QFR, HQNO was shown to bind
to Qp as revealed by EPR spectral modiﬁcations of the nearby iron–
sulfur cluster [16, 36]. No such spectral changes were detected in B.
subtilis SQR [20], even at high HQNO concentrations, supporting the
current assumption that Qp is not HQNO sensitive in B. subtilis SQR.
It is interesting in the light of the reverse function of these two
enzymes that HQNO, which structurally resembles a menasemiqui-
none (Table 1), binds to Qd in B. subtilis SQR, and to Qp in E. coli
QFR, assuming that semiquinone is stabilized at the site with high
afﬁnity for HQNO. In the present investigation HQNO was added in
great excess (the apparent Ki for HQNO in B. subtilis SQR is 0.2 μM
[19]) to maximally counteract any kinetic effects resulting from the
long equilibration times. The HQNO induced midpoint potential shift
of heme bL serves as a positive indicator of HQNO presence at Qd,
ruling out that HQNO was dissociated from the enzyme during the
oxidized to reduced titration in Fig. 3B. In should also be noted that
both the forward, succinate:quinone reductase and the reverse,
quinol:fumarate reductase reactions of B. subtilis SQR are HQNO
sensitive [19,33].
Interestingly, albeit the low apparent Ki the HQNO inhibition of B.
subtilis SQR activity is never total. About 10% of the enzyme activity is
HQNO insensitive even at HQNO concentrations close to the solubility
limit [19]. The same is seen during fumarate reduction, where a 5
times molar excess of HQNO or higher resulted in a maximal, 90%
inhibition of B. subtilis SQR [33]. Taken together, the low amount of
HQNO insensitive activity that is always observed in the enzyme
assays agrees well with the presence of a HQNO insensitive Qp site,
which can be accessed only transiently.
As already mentioned, the B. subtilis SQR reaction is not only
“reverse” from QFR, but also comprises an energetically uphill reac-
tion. Generation of a membrane potential by B. subtilis SQR operating
as a fumarate reductase has been observed [37]. Recently, proton
motive force-dependent catalysis of SQR puriﬁed from B. licheniformis
(a close relative of B. subtilis), reconstituted into liposomes was also
demonstrated [3]. It follows that menaquinone reduction must be
occurring at the distal quinone binding site under these conditions.
The role of the Qp site in this scenario could be to serve as a QA-type
intermediate facilitating electron transfer between heme b and 3Fe4S,
as was recently demonstrated in E. coli SQR [17].
4.2. Redox induced conformational changes
The redox induced conformational changes implied from this
work could have a role in enzyme function and provide the means to
regulate the quinone and quinol access to enzyme, presumably to
either perform a function where only Qd is communicating with the
menaquinone pool or a function where both sites are accessible (as
for instance postulated in [12]). We have hitherto been thinking of
SQR and QFR as static catalytic entities, but a conformational change
has in fact previously been observed in the FP subunit when a
different crystal form of QFR from W. succinogenes was analyzed
[38]. How is the conformational change opening and closing the
access to the Qp site achieved? The axial ligands to heme bH and
heme bL in B. subtilis SQR are distributed on four differenttransmembrane helices in the membrane anchor cytochrome. This
architecture potentially allows the heme groups to move with
respect to each other, perpendicular to the membrane plane [4].
Such movement could for example be induced by different redox
states of the hemes, and be of practical use to control the access of
quinones to the Qp site.
4.3. The direct, unmediated electron transfer between SQR and the
electrode
The hysteresis observed during direct, unmediated SQR commu-
nication with the electrode can depend on several factors, and cannot
be explained solely based on the current data. However, if the effects
were caused merely by a general lack of thermodynamic equilibrium,
a gradual drift rather than the observed slow and rapid phases would
be expected. Similarly, if any part of the enzyme could make direct
contact with the electrode, the intraprotein electron redistribution is
expected to be much, much faster than our mode of measurement,
and subsequently there would be no difference between oxidative and
reductive redox titration, even if the overall equilibrium was poor. In
the unmediated direct electron transfer between the electrode and
SQR the reduction of both hemes occurred approximately at the
midpoint potential of heme bL (Fig. 4A, ox to red). The available
structural data corroborates the suitable location of heme bL close to
the protein surface (Fig 1), sterically unhindered to make sufﬁciently
close contact with the modiﬁed electrode surface. Taken together, in
the absence of quinone mediators, the intact SQR most likely
communicated with the electrode exclusively via heme bL. If the
same conformational change that presumably closed the access to Qp,
also slightly altered the distance from heme bL to the protein surface,
that would explain the severely delayed reoxidation observed (Fig. 4A,
red to ox), since a few Å longer distance could have signiﬁcant effects
on electron transfer rates. Notably, the Fe–Fe distance of the two heme
groups in the oxidized W. succinogenes QFR is approximately 4.5 Å
shorter than the corresponding, but ﬁxed, Fe–Fe distance in the
cytochrome bc1 complex [6]. The postulated, hypothetical positioning
of the hemes in relation to the protein surface in the reduced and
oxidized B. subtilis SQR enzyme is included in the schematic illus-
tration in Fig. 6.
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